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Risk assessment of exposure to radionuclides and radiation does not usually take into account the role of
species interactions. We investigated how the transfer of carbon between a primary producer, Raphi-
docelis subcapitata, and a consumer, Daphnia magna, was affected by acute exposure to gamma radiation.
In addition to unexposed controls, different treatments were used where: a) only D. magna (Z treat-
ment); b) only R. subcapitata (P treatment) and c) both D. magna and R. subcapitata (ZP treatment) were
exposed to one of three acute doses of gamma radiation (5, 50 and 100 Gy). We then compared dif-
ferences among treatments for three endpoints: incorporation of carbon by D. magna, D. magna growth
and R. subcapitata densities. Carbon incorporation was affected by which combination of species was
irradiated and by the radiation dose. Densities of R. subcapitata at the end of the experiment were also
affected by which species had been exposed to radiation. Carbon incorporation by D. magna was
signiﬁcantly lower in the Z treatment, indicating reduced grazing, an effect stronger with higher radi-
ation doses, possibly due to direct effects of gamma radiation. Top-down indirect effects of this reduced
grazing were also seen as R. subcapitata densities increased in the Z treatment due to decreased her-
bivory. The opposite pattern was observed in the P treatment where only R. subcapitata was exposed to
gamma radiation, while the ZP treatment showed intermediate results for both endpoints. In the P
treatments, carbon incorporation by D. magna was signiﬁcantly higher than in the other treatments,
suggesting a higher grazing pressure. This, together with direct effects of gamma radiation on R. sub-
capitata, probably signiﬁcantly decreased phytoplankton densities in the P treatment. Our results
highlight the importance of taking into account the role of species interactions when assessing the ef-
fects of exposure to gamma radiation in aquatic ecosystems.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The impacts of contaminants on ecosystems are in general
difﬁcult to predict. One reason behind this difﬁculty is our
incomplete knowledge of how contaminants affect species in-
teractions in ecological systems (Fleeger et al., 2003). Many
studies have shown that species interactions play an important
role in structuring ecological communities and are likely to
determine, to a degree, how ecosystems respond to anthropo-
genic perturbations (Halstead et al., 2014; Koprivnikar et al.,
2007; Newman and Clements, 2007). When pollutants are(F.J.A. Nascimento), clare.
Ltd. This is an open access article ureleased into aquatic habitats, direct or indirect effects on aquatic
biota are possible (Fleeger et al., 2003). Indirect effects of pol-
lutants are frequent in nature, often arising from changes in
species interactions that can be transmitted across trophic levels
(Halstead et al., 2014; Rohr et al., 2006). While it is possible to
assess direct effects of various pollutants by employing model
species in single-species exposures, such laboratory tests are
inadequate to detect indirect effects of contaminants (Relyea,
2005; Rohr and Crumrine, 2005). Aquatic ecotoxicology
research has devoted increasing attention to the importance of
species interactions in order to more accurately predict the
impact of contaminants or stressors on ecosystems (Clements
and Rohr, 2009), but multi-species experiments evaluating the
effects of contaminants are still relatively scarce (Chapman,
2004; Fleeger et al., 2003).
Consideration of species interactions and indirect effects is
particularly lacking in the assessment of risk to biologicalnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Bradshaw et al., 2014). Applications of nuclear technology, espe-
cially in power generation, have increased societal concern over the
effects of man-made radionuclides on the environment. These
concerns have escalated after the Fukushima Daiichi nuclear power
plant accident in 2011, which resulted in the release of vast
amounts of radioactive elements into the surrounding aquatic
ecosystems (Nair et al., 2013), increasing radionuclide concentra-
tions in many marine species (Buesseler et al., 2012) and in some
cases even producing dose rates to organisms above suggested
benchmark levels (Johansen et al., 2015). In addition to major ac-
cidents, radionuclides are also routinely released during opera-
tional procedures at nuclear power plants, mines, military activities
and research facilities into aquatic environments, where organisms
become exposed to them. Radionuclides release ionizing radiation
(alpha, beta or gamma), which is capable of causing direct damage
to biomolecules, such as double-strand breakage in DNA (Ward,
1995), and provoking genotoxic DNA alterations (Parisot et al.,
2015). These effects on a cellular level may carry important con-
sequences at the individual and population level. Indeed, exposure
of individual organisms to ionizing radiation can cause increases in
lethality and morbidity, modiﬁcations of fertility and shortening of
life span (Dallas et al., 2012; Won et al., 2014).
In an ecosystem exposed to radiation, the absorbed radiation
doses received by different individuals and species can vary
considerably as a result of differences in their biology and/or
ecology. Species can be sheltered from external radiation, feed
preferentially on uncontaminated prey, or exhibit higher radio-
sensitivity than others, which can lead to different effects on the
ﬁtness of different species or populations (Brechignac et al., 2012).
In addition to direct effects, exposure to radiation can also lead to
indirect effects when the ecological interactions between the
components of an ecosystem are disrupted (Bradshaw et al., 2014).
Such indirect effects have been observed in the ﬁeld: plant and
insect community composition has been altered in areas of Ukraine
contaminated by the 1986 Chernobyl nuclear accident (Geras'kin
et al., 2008); freshwater species composition has changed in
ponds contaminated by waste from the Mayak nuclear facility in
Russia (Pryakhin et al., 2012); and predator-prey (bird-mouse) re-
lationships affected following the 1957 Kyshtymnuclear accident in
the Southern Urals, Russia (Lebedeva et al., 1996). In addition,
disruption of the ecological balance between different primary
producers and disturbances in predator-prey systems have been
observed in ﬁeld experiments with gamma irradiation (Alexakhin
et al., 1994; Amiro and Sheppard, 1994), and in experimental lab-
oratory studies on aquatic microbial communities (Fuma et al.,
2012, 2010, 2009).
Environmental radiation protection guidelines proposed by or-
ganizations such as the International Atomic Energy Agency (IAEA)
or the International Commission on Radiological Protection (ICRP)
aim to protect ecological structures and functions at population-,
community-, and ecosystem-levels (IAEA, 2014; ICRP, 2008).
Nevertheless, current radiation safety regulations for ecosystems
often rely on single species laboratory tests which are not sufﬁcient
to comply with the protection goals of international agencies
(Bradshaw et al., 2014; Brechignac et al., 2012). Therefore, organi-
zations such as the International Union for Radioecology (IUR) have
identiﬁed a need for studies that investigate the role of species
interactions in mediating indirect effects of exposure to radionu-
clides, in order to better complement existing radiation protection
schemes (Bradshaw et al., 2014; Brechignac et al., 2003; Brechignac
et al., 2012).
Here we present a study that investigated how carbon transfer
between phytoplankton and zooplankton is affected by exposure to
gamma radiation in a test with two species; the freshwatercrustacean Daphnia magna and the green microalga Raphidocelis
subcapitata, formerly known as Pseudokirchneriella subcapitata.
Daphnids are key species in freshwater systems, controlling
phytoplankton biomass and species composition (Nisbet et al.,
2010) and constituting a common prey item for many freshwater
predators (Brett and Goldman, 1996). We explicitly focused on
incorporation of carbon, as this process is tightly coupled to the
transfer of energy between two trophic levels and is ecologically
relevant at both the individual and population level. Furthermore,
feeding assays are widely used in ecotoxicological tests and can be
up to 50-fold more sensitive to stress than other endpoints
(Barata et al., 2008). We exposed D. magna and R. subcapitata
separately to three acute doses of gamma radiation (5, 50 and
100 Gy) in four different treatments: a) only D. magna exposed (Z
treatment), b) only R. subcapitata exposed (P treatment), c) both D.
magna and R. subcapitata exposed (ZP treatment); and d) controls
where neither species was exposed to gamma radiation. We then
measured the incorporation of carbon from R. subcapitata by D.
magna and D. magna growth in each treatment at each dose at
three time points. In addition, R. subcapitata cell densities were
measured at the end of the experiment. Our goal was to test the
speciﬁc null hypotheses: a) incorporation of carbon from phyto-
plankton byD.magna, D.magna growth and R. subcapitata densities
are not affected by exposure to gamma radiation; and b) grazere-
phytoplankton interactions under exposure to gamma radiation do
not have an indirect effect on the three endpoints mentioned
above.
2. Methods
2.1. Raphidocelis subcapitata cultures
R. subcapitatawas grown continuously inMBLmedium (Nichols,
1973) with additional vitamin B1, at a temperature of 19 C under a
16:8 h light: dark cycle with a light intensity (photon ﬂux density)
of approximately 90 mmol m2 sec1. The cells were 14C-labeled, in
order to trace subsequent carbon incorporation by D. magna, by
adding 1.22 GBq of NaH14CO3 (Amersham; speciﬁc activity
1.998 GBq mmol1) to 3L of R. subcapitata in MBL medium and
incubating for one week before exposure to gamma-radiation.
2.2. Daphnia magna cultures
D. magna adults were obtained from the former Department of
Applied Environmental Sciences (ITM) (Stockholm University,
Sweden) and reared in the laboratory for several weeks. The
daphnids were kept in artiﬁcial freshwater (pre-aerated M7 me-
dium at a pH of 8.1, prepared following OECD protocols (OECD,
2008) complemented with vitamins B1, B7 and B12), which was
renewed every week. D.magna cultures were kept in 2 L beakers at
20 C (±1 C) on a 16:8 light:dark photoperiod at a light intensity
(photon ﬂux density) of 0.4 mmol m2 sec1 and at a density of 1
animal per 25 ml. Daphnids were fed R. subcapitata, with a daily
ration of approximately 0.1e0.2 mg C/day/daphnid. Exposure ex-
periments were performed with 2.5 day old juveniles.
2.3. Exposure
Approximately one thousand D.magna individuals were divided
between 4 1L beakers before exposure to gamma-radiation. Simi-
larly, R. subcapitata cultures were mixed well and then divided in
equal volumes into a further four 1L beakers. The D. magna and R.
subcapitata beakers were then exposed to gamma radiation
(Gammacell 1000, 137Cs source). The dose rate was 6.7 Gy min 1
and the radiation doses were 5 Gy, 50 Gy and 100 Gy, which
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These doses were chosen to cover a range where a direct effect of
gamma-radiation on our endpoints could be expected based on
previous pilot studies. Separate samples of R. subcapitata samples
were exposed to 0 or 100 Gy for subsequent analysis of fatty acids.
These samples were frozen within 1 h of exposure.
The gamma-radiation dose distribution was homogenous
throughout the containers containing the daphnids and the green
microalga. This was assessed using Gafchromic ﬁlm RTQA2 (ISP,
USA) attached to different points on the irradiated containers. The
measured values did not vary by more than 0.12% of each of the
nominal doses. One of the four containers with D. magna in-
dividuals and one of those containing R. subcapitata cells did not
receive any gamma radiation, but was otherwise handled in the
same way as the other samples.
Immediately after the irradiation of R. subcapitata, the cells from
each of the four radiation dose treatments were harvested by
centrifugation at 3000 g for 10min. For each of these, the procedure
was as follows. After centrifugation, the cells formed a pellet at the
bottom and the supernatant was discarded. In order to remove
non-incorporated 14C present in the interstitial water between the
R. subcapitata cells, the microalgae pellet was rinsed and resus-
pended in MBL medium, centrifuged again, and radioactivity (14C)
in the supernatant water was measured after the addition of 5 mL
of Ultima Gold scintillation cocktail (Perkin Elmer). This procedure
was repeated until the measured radioactivity of the rinsing water
was below 0.05% of that incorporated in the microalgae
(Nascimento et al., 2008). Once rinsed, samples of the concentrated
R. subcapitata suspension were taken to measure chlorophyll con-
tent (absorbance at 684 nm) and estimate biomass according to
Rodrigues et al. (2011). Triplicate samples from the same concen-
trated suspensionwere used to measure its radioactivity in a liquid
scintillation counter (LKB Wallac Rackbeta 1214) after the addition
of scintillation cocktail (Ultima Gold). The ﬁnal 14C activity con-
centrations in the phytoplankton suspension exposed to 0, 5, 50
and 100 Gy was 121.8, 128, 125,5 and 125.3 Bq mg dw1, respec-
tively. The internal dose rate from this accumulated 14C was
calculated using the ERICA tool (Brown et al., 2008) using the
standard phytoplankton geometry and found to be 4.7 mGy h1 (ie.
0.001% of the experimental gamma radiation dose rate). Before the
start of the experiment samples of the each of the concentrated R.
subcapitata suspensions were observed under a microscope to
conﬁrm R. subcapitata cell integrity.
2.4. Experimental setup
The experiment had 3 factors: Species irradiated (three treat-
ments and a control where neither species was irradiated);
gamma-radiation dose (three levels plus the control) and time of
sampling (three levels), totaling 10 treatments with three replicates
per treatment each (Table 1). The irradiated D.magnawere divided
into the Z and ZP experimental units (500 mL glass beakers) with
400 mL fresh M7 medium, each beaker receiving 40 individuals.Table 1
Experimental design outlining the treatments investigated in this study. Numbers in the t
72 h) from each replicate. For statistical analyses, data from P, Z and ZP were expressed
Treatmenta Species irradiated
P non-irradiated D. magna þ irradiated R. subcapitata
Z irradiated D. magna þ non -irradiated R. subcapitata
ZP irradiated D. magna þ irradiated R. subcapitata
C non-irradiated D. magna þ non-irradiated R. subcapitata
a P ¼ phytoplankton, Z ¼ zooplankton, C ¼ control.Forty non-irradiated D. magna were added to each of the P and C
experimental units in the same way. In addition, 20 individuals
were preserved in 70% ethanol to determine average initial size at
the start of the experiment. The experiment started with the
addition to each replicate of approximately 8.5 mg C day1 of the
corresponding 14C-labeled R. subcapitata suspension that had been
exposed to different levels of gamma-radiation (Table 1). The
experiment was performed at 21 C, with a 16:8 h light:dark cycle,
with light conditions kept relatively low (c. 0.7 mmol m2 s1), and
M7mediumwas used in the experiment units. These conditions are
optimal for the daphnids (OECD, 2008) as their health was
considered more important for the endpoints studied. R. sub-
capitata requires higher light intensities (e.g., 60e120 mE m2 s1)
and higher nutrient concentrations in the medium (OECD, 2011), so
conditions were certainly suboptimal for the microalgae. However,
we believe conditions were sufﬁcient to maintain the microalgae
for the limited period of this experiment, and we were most
interested in grazing rates rather than algal population growth.
2.5. Sampling
At each sampling time point (24, 48 and 72 h after the addition
of the microalgae to each replicate) 9e10 D. magna individuals
were collected from the respective experimental units, placed into
new containers with fresh M7 medium for 20 min to empty their
guts, picked out and preserved in 70% ethanol. This was done to
ensure that 14C detected in the animals was incorporated into the
tissues and not present in undigested microalgae in the gut. Rep-
licates were processed in random order regarding treatment, the
time between sampling and the addition of the microalgae to each
replicate was recorded and all endpoints were standardized to a
period of 24 h. Each individual preserved in ethanol was afterwards
photographed using a light microscope (WildM28 Leica,
Switzerland) and a digital camera (Dino lite, Taiwan). The total
length of each D. magna was measured and recorded with the
software DinoCapture, and the weight of each individual was
calculated from the lengtheweight relationship for D. magna
(Kersting and van der Leeuw-Leegwater, 1976). These data were
compared to average daphnid size at the start of the experiment
and used to calculate growth in the different treatments.
After length measurements, the daphnids from each replicate
were pooled and solubilized in 1 mL of Soluene-350 for 24 h at
60 C and left in the dark for 10 h to reduce chemiluminescence.
Radioactivity in each sample was measured in a liquid scintillation
counter (LKB Wallac Rackbeta 1214) after the addition of 10 mL of
Ultima Gold XR to each scintillation vial. These data were used to
calculate the incorporation of radiolabeled carbon in each treat-
ment during the experiment. The 14C activity was adjusted to the
number of D. magna individuals in each replicate and their feeding
time, and recalculated from dpm to mg C1 Daphnia dw 1 day1,
using the known 14C activity concentrations in R. subcapitata cells
(see Section 2.3).
R. subcapitata cell concentrations in the experimental media atable indicate number of replicates. Samples were taken at three time points (24, 48,
as % of control at each time point.
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Fig. 1. Carbon incorporation by D. magna (% of controls) in the different treatments
exposed to different gamma radiation doses (0, 5, 50 and 100 Gy). Values represent the
mean carbon incorporation for 9 replicates (±SE) of all time points for each of the
doses tested. Symbols indicate the treatments with different species exposed to
gamma radiation: empty triangles with full line show carbon incorporation in the Z
treatments (only D. magna irradiated); empty squares with dotted line carbon incor-
poration in the P treatments (only R. subcapitata irradiated); empty circles with dashed
line refer to carbon incorporation in the ZP treatments (both species irradiated).
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Fig. 2. Carbon incorporation by D. magna (% of controls) in daphnids exposed to
different gamma radiation doses (0, 5, 50 and 100 Gy) at different times after acute
exposure to gamma radiation. Values represent the mean carbon incorporation for 9
replicates (±SE) of all species treatments for each of the doses tested. Symbols indicate
time after exposure to gamma radiation: full circles with full line show carbon
incorporation after 24 h exposure; full squares with dashed line represent carbon
incorporation after 48 h exposure; full triangles with dotted line show carbon incor-
poration after 72 h exposure.
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under a microscope using a hemocytometer.
2.6. Evaluation of fatty acid (FA) content
Fatty acids were extracted and esteriﬁed according to Bermúdez
et al. (2015) and then separated and quantiﬁed by gaseliquid
chromatography as fatty acid methyl esters (FAME) according to
Klein Breteler et al. (1999). The FAwere analyzed using Chrom-Card
Trace-Focus GC software (Klein Breteler et al., 1999) and were
clustered according to their degree of saturation.
2.7. Statistics
The three endpoints carbon incorporation, D.magna growth and
R. subcapitata cell density were all expressed as % of the controls at
each time point. For carbon incorporation and D. magna growth,
differences among treatments, gamma-radiation doses and time
points were analyzed using repeated measures ANOVA with
treatment (P, Z, ZP) and dose (0, 5, 50, 100 Gy) as ﬁxed effects and
time (24, 48, 72 h) as a within-subject or repeated measures factor,
followed by Tukey's HSD post hoc comparisons to explore the
signiﬁcant interactions. Differences in R. subcapitata densities at the
end of the experiment (72 h) were analyzed with two-way ANOVA
analysis (factors: treatment and dose), followed by Tukey's HSD
post hoc comparisons. Differences in fatty acid proﬁles between
irradiated and non-irradiated R. subcapitata were assessed with
one-way ANOVA. All data, except FA content, were ﬁrst trans-
formed using the BoxeCox transformation in order to improve
homogeneity of variance of the data. All analyses were done using
the statistical package Statistica (v.12).
3. Results
3.1. Effects of exposure to gamma radiation on carbon incorporation
and growth of D. magna
No mortality was detected at any dose of gamma radiation
exposure or in the controls. Our results show clearly that there was
a signiﬁcant overall effect on the incorporation of carbon by D.
magna depending onwhich species was/were irradiated (p < 0.001,
Table 2). Overall, incorporation of carbon in the treatment where
only R. subcapitata was irradiated (P treatment) was highest, fol-
lowed by the treatment where both were irradiated (ZP) and then
the Z treatment (only zooplankton irradiated) (Table 2, Fig. 1).
Gamma radiation dose also had an overall statistically signiﬁcant
effect on D.magna carbon incorporation (p < 0.001; Table 2, Fig. 2).
Carbon incorporation in the controls (0 Gy) was signiﬁcantly higher
than all other doses (Tukey HSD, p < 0.001, Table 2) but no statis-
tically signiﬁcant differences between the 5, 50 and 100 Gy doses
were detected. The interaction between species irradiated and dose
of radiation was also signiﬁcant (p < 0.001, Table 2), with a largerTable 2
Summary statistics for repeated measures ANOVA, D. magna C-incorporation. Analysis is
SS df MS
treatment 2.4 2 1.2
dose 0.4 3 0.1
time 1.1 2 0.5
Treatment:dose 3.7 6 0.6
Time:treatment 0.5 4 0.1
Time:dose 0.4 6 0.1
Time:treatment*dose 0.7 12 0.1difference between the treatments at higher doses (Fig. 1).
Although there was a signiﬁcant effect of treatment (P, Z, ZP) atbased on BoxeCox transformed data.* indicates signiﬁcance (p < 0.05).
F p Tukey post hoc summary
(main effects)
74.3 <0.001* P > ZP > Z
8.4 <0.001* 0 Gy > 5 Gy ¼ 50 Gy ¼ 100 Gy
30.3 <0.001* 24 h < 48 h ¼ 72 h
38.5 <0.001*
7.5 <0.001*
3.5 0.006*
3.3 0.002*
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Fig. 4. Densities of R. subcapitata (% of controls) in the different treatments 72 h after
the addition of the microalgae to each replicate. Symbols indicate the treatments with
different species exposed to gamma radiation: empty triangles with dotted line show
carbon incorporation in the Z treatments (only D. magna irradiated); empty squares
with full line carbon incorporation in the P treatments (only R. subcapitata irradiated);
empty circles with dashed line refer to carbon incorporation in the ZP treatments (both
species irradiated). Values are mean ± standard error for three replicates.
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daphnids was clearest after 24 h (Fig. 3). The signiﬁcant effect of
dose seen at 24 h was not present at 48 h or 72 h (Table S1 in
Supplementary Information). Fig. S1 (in Supplementary Informa-
tion) presents an integrated visualization of these results.
No statistically signiﬁcant differences among treatments were
seen regarding D. magna growth. Neither species irradiated
(F2,24 ¼ 0.13, p ¼ 0.88) nor gamma radiation dose (F3,24 ¼ 1.7,
p ¼ 0.17) had effects on this endpoint.
3.2. Density of R. subcapitata after 72 h
There were signiﬁcant differences among treatments regarding
the density of R. subcapitata at the termination of the experiment
(Fig. 4). The combination of species irradiated signiﬁcantly affected
this endpoint (F2, 24 ¼ 23.09, p < 0.001, Table 3), but there was no
overall effect of gamma radiation dose (F3,24 ¼ 1.05, p ¼ 0.389,
Table 3). R. subcapitata densities were signiﬁcantly higher in the Z
treatment when compared to ZP treatment, which in turn were
signiﬁcantly higher than the P treatment (Tukey HSD, p < 0.001;
Table 3). Although the effect of gamma radiation dose was not
signiﬁcant overall, the interaction between dose and treatment was
signiﬁcant (F6, 24 ¼ 9.02, p < 0.001, Table 3) since treatment effects
increased with increasing dose (Fig. 4).
3.3. Fatty acids in R. subcapitata
Microalgae exposed to 100 Gy of radiation did not show dif-
ferences in FA composition when compared to the controls
(Table 4).
4. Discussion
4.1. Direct effects
Gamma radiation exposure had a signiﬁcant effect on carbon
incorporation of D. magna in our experiment (Fig. 2), and this was
strongest at 24 h after exposure (Table S1 in Supplementary In-
formation). Similar effects have been reported by Nascimento et al.0.4 
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Fig. 3. Carbon incorporation by D. magna (% of controls) in the different treatments at
different times after acute exposure to gamma radiation (24, 48, 72 h). Values repre-
sent the mean carbon incorporation for 9 replicates (±SE) of all doses tested for each of
the time points. Symbols indicate the treatments with different species exposed to
gamma radiation: empty triangles with full line show carbon incorporation in the Z
treatments (only D. magna irradiated); empty squares with dotted line carbon incor-
poration in the P treatments (only R. subcapitata irradiated); empty circles with dashed
line refer to carbon incorporation in the ZP treatments (both species irradiated).(2015, 2016), where a decrease in carbon incorporation in daphnids
exposed to acute doses of gamma radiation was seen. Such effects
can be connected to overall reduced activity and reduced ﬁltering
and ingestion rates as a result of exposure to gamma radiation.
Damage to the digestive tract may also be a possible mechanism;
this, together with associated decreased carbon incorporation, has
been seen by Massarin et al. (2011) in experiments with the alpha
emitter 238U. In addition, exposure to gamma radiation also pro-
vokes direct genotoxic effects on daphnids and other aquatic in-
vertebrates (Han et al., 2014; Parisot et al., 2015; Praveen Kumar
et al., 2014). These cellular level effects have the potential to
translate into population level effects. Indeed, metabolic cost the-
ory predicts that energy-consuming cellular defense and repair
mechanisms compete for energy with other processes such as
growth and reproduction (Calow, 1991; De Coen and Janssen,
2003). Studies have coupled decreased growth rates with a meta-
bolic burden for detoxiﬁcation or damage repair (Michalek-Wagner
and Willis, 2001). Nevertheless, despite differences in carbon
incorporation, no effects on D. magna growth were detected in our
study, possibly due to the relatively short duration of our experi-
ment. Reduced daphnid growth has been seen in experiments
exposing D.magna to chronic radiation over a longer period of time
(Gilbin et al., 2008; Parisot et al., 2015).
Gamma radiation dose was not a signiﬁcant factor explaining
the variability of phytoplankton densities in the different treat-
ments at the end of the experiment (Fig. 4, Table 3), suggesting little
direct effect of radiation on R. subcapitata. However, only treat-
ments exposed to gamma radiation with microalgae alone and
without herbivores would deﬁnitely clarify this issue. In previous
pilot tests we did not observe direct effects on R. subcapitata den-
sities at the acute doses and time frames here tested (unpublished).
Radiosensitivity of primary producers is highly species- and life-
stage speciﬁc, but gamma radiation can cause both morphological
(Wi et al., 2007) and cellular damage to DNA and enzymes
(Kovalchuk et al., 2007), leading to mortality and morphological
alterations in primary producers (Zaka et al., 2004). Such direct
effects of gamma radiation can also result in reduced growth rate
and reproduction capacity in plants (Mittler et al., 2004; Vanhoudt
et al., 2010).
Table 3
Summary statistics for repeated measures ANOVA, R. subcapitata cell density at 72 h. Analysis is based on BoxeCox transformed data.* indicates signiﬁcance (p < 0.05).
df SS MS F p Tukey post hoc summary (main effects)
treatment 2 130.1 65.1 23.1 <0.001* Z > ZP > P
dose 3 8.9 3.0 1.05 0.389
treatment*dose 6 152.5 25.4 9.02 <0.001*
Error 24 67.6 2.8
Total 35 359.2
Table 4
Total detectable fatty acid (FA) composition (percentages) in unexposed R. sub-
capitata cultures and in R. subcapitata exposed to an acute gamma radiation dose of
100 Gy.
FA 100 Gy Controls
Average s.d. Average s.d.
Myristic acid
14:0
0.0 0.0 0.3 0.1
Palmitic acid
16:0
19.2 1.7 18.6 1.4
Palmitoleic acid
16:1n7
7.7 0.2 7.2 2.0
7-Hexadecenoic acid
16:1n9
13.1 2.9 12.0 2.2
Oleic acid
18:1n9c
13.8 0.7 14.7 0.3
Linoleic acid
18:2n6c
12.9 0.5 13.9 0.82
a-Linolenic acid
18:3n3
26.0 1.8 26.1 1.0
Stearidonic acid
18:4n3
7.4 0.3 7.3 1.3
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Gamma radiation and interactions with the grazing D. magna
had an effect on the densities of R. subcapitata at the end of the
experiment. This effect on R. subcapitata densities was particularly
visible in the Z treatment (Fig. 4) that showed the highest values for
this endpoint. Such top-down effects on primary producers, when
grazers are more sensitive or exposed to a higher dose of con-
taminants/stressors, have been seen in multiple studies (Evans-
White and Lamberti, 2009; Fleeger et al., 2003; Tidou et al.,
1992). Release from grazing pressure can therefore explain the in-
crease in R. subcapitata densities seen in this treatment.
In contrast, in the treatment where only phytoplankton was
exposed to gamma radiation (P treatment), we observed that car-
bon incorporation increased (Fig. 1) and R. subcapitata densities
decreased compared to the controls (Fig 4). These effects were
clearest in the ﬁrst 24 h after exposure (Fig. 3, Table S1). While
direct effects of radiation could have increased mortality and
therefore decreased R. subcapitata densities in our experiment, our
results indicate that this decrease is also related to increased
grazing rates from D.magna, as shown by the carbon incorporation
data. Indirect effects of chemicals on grazers have been coupled to
contaminant-induced changes in the quality and supply of their
food (Forrow and Maltby, 2000; Lefcort et al., 1997). Exposure to
ionizing radiation can provoke cell membrane damage and lipid
oxidation (Vanhoudt et al., 2010) and therefore changes in fatty acid
(FA) proﬁles (Wagner et al., 2004). We thereforemeasured whether
the FA composition of R. subcapitata (and thus their quality as food
for D. magna) was altered by gamma irradiation, but did not
observe an effect (Table 4). It is, nevertheless, difﬁcult to generalize
from our results as R. subcapitata, like most freshwater green
microalgae, are relatively poor in long chain fatty acids (Patil et al.,
2006; Renaud et al., 1999). The exposure time may also have been
too short for changes in FAs to have occurred.Another possible mechanism behind increased grazing rates is
that exposure to ionizing radiation affected phytoplankton de-
fenses against grazing. Both marine and freshwater phytoplankton,
including Chlorophyceae, have developed anti-grazing mecha-
nisms to avoid being ingested or to cause damage if ingested
(Hessen and VanDonk, 1993; Lampert et al., 1994; Van Donk et al.,
2010). These defense mechanisms include changes in morphology,
biochemical composition or behavior (Demott andMckinney, 2015;
Sterner, 1989; Van Donk et al., 2010). Such defenses are generally
thought to be resource consuming and defense theory expects a
trade-off between defense and other energy-demanding processes
(Agrawal, 1998; Demott and Mckinney, 2015). Indeed, a wide va-
riety of freshwater algae with anti-grazing defenses show lower
growth rates in comparison with poorly defended taxa (Agrawal,
1998). It is possible that the energetic cost of dealing with effects
of gamma radiation, such as DNA damage and oxidative stress,
competes for energy with phytoplankton defense mechanisms
against grazing. Such trade-offs could explain Daphnia's higher
carbon incorporation and grazing in our P treatment. However, we
do not have data to support this hypothesis and further experi-
mentation looking at possible trade-offs between contaminant-
induced effects and anti-grazing defenses is necessary to clarify
this hypothesis. This increased grazing and possible beneﬁcial in-
direct effects for D. magna are likely not long-lasting, as phyto-
plankton production must be able to cope with both increased
grazing rates and direct effects of the contaminant, in our case
gamma radiation. Indeed, bottom-up indirect effects of contami-
nants affecting the abundance of primary producers often cascade
into reduced secondary production due to food limitation (Fleeger
et al., 2003). It is likely that in a longer experiment with chronic
exposure to gamma radiation this would be the case.
The treatment where both species were irradiated (ZP) showed
an intermediate pattern between the Z and P treatments. Carbon
incorporation in daphnids in the ZP treatment were signiﬁcantly
higher than the Z treatment, but statistically lower than the P
treatment (Fig. 1, Table 2), indicating a balance between the
mechanisms above when both phytoplankton and zooplankton are
exposed to similar doses of gamma radiation. A similar patternwas
seen for D. magna growth, but the results were not statistically
signiﬁcant.
It is important to note that most effects mentioned above were
most visible at the higher end of the doses here tested. The gamma
doses used in this experiment were high, althoughwithin the range
of those seen at contaminated sites. For example, in lakes in the
Mayak area, Russia, used as nuclear waste ponds for decades,
absorbed dose rates for zooplankton and phytoplankton were
estimated as 3.8 and 40 Gy day1, respectively (Triapitsyna et al.,
2012). In the Techa River, in the same area, doses to biota as high
as 200e800 Gy were estimated after an accident in 1957 (Kryshev
et al., 1998). Furthermore, the effects seen in our experiment were
stronger 24 h after exposure when compared to other sampling
time points (Table S1). This suggests that both zooplankton and
phytoplankton could eventually recover from acute exposure to
radiation after a period of time. It would be important to investigate
if the indirect effects of radiation observed occur with chronic
F.J.A. Nascimento, C. Bradshaw / Journal of Environmental Radioactivity 155-156 (2016) 63e70 69exposure to radiation, and if so at which doses and/or dose rates.
5. Conclusions
Our results show that zooplankton-phytoplankton species in-
teractions can mediate indirect effects of exposure to gamma ra-
diation and underline that ecosystem level effects can be different
to individual level effects.
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